Objective: Migration and proliferation of arterial smooth muscle cells are critical responses during restenosis after balloon angioplasty. 21 We investigated the changes in the expression of Ca channels and dystrophin, two determinants of contraction, after balloon injury of rat aortas. Methods: Proliferation and migration of aortic myocytes were triggered in vivo by the passage of an inflated balloon catheter 21 in the aortas of 12-week-old male Wistar rats. We used the whole-cell patch clamp technique to investigate Ba currents (I ) through Ba 21 Ca channels in single cells freshly isolated from media and neointima at various times after injury (days 2, 7, 15, 30 and 45). Results:
Introduction
centration; DHP, dihydropyridine; SMCs, smooth muscle cells; FITC, fluorescein isothiocyanate; SDS, sodium dodecyl sulfate; HEPES, N-2-
The development and maintenance of contractile tone of hydroxyethylpiperazine-N9-2-ethane sulfonic acid h-CaD: heavy-molecular-weight caldesmon; l-CaD, low-molecular-weight caldesmon; PMSF, normal arterial smooth muscle cells (SMCs) is controlled [1, 2] . Voltage-gated Ca channels constitute a major route ethylether)N,N,N9,N9-tetraacetic acid; BSA, bovine serum albumin; ATP, 21 for the Ca influx required to induce an increase in adenosine-59-triphosphate; GTP, guanosine-59-triphosphate 21 [Ca ] in SMCs [2, 3] . Consequently, they are key targets 21 vasodilating drugs [4, 5] . Two types of Ca channels are 2. Methods distinguished by their electrophysiological and pharmacological properties in arterial SMCs: (i) dihydropyridine 2.1. Aortic injury 21 (DHP)-sensitive L-type Ca channels expressed in all types of SMCs, including human coronary SMCs, and
The investigation conforms with the guide for the care involved in the excitation-contraction coupling [4] [5] [6] ; and and use of laboratory animals published by the US 21 (ii) T-type Ca channels that are expressed mostly in National Institute of Health (NIH Publication No. 85-23, primary cultured SMCs (e.g. from rat aorta and human revised 1996) and the French Ministry of Agriculture coronary artery) suggesting that the T-type currents may (authorisation No. 004814). Three batches of 15 adult rats be involved in another function (other functions) than (12-week-old male Wistar Kyoto rats, Iffa-Credo, l'Arcontraction such as cell cycling and proliferation [6] [7] [8] [9] .
bresle, France) were used. Animals were anaesthetised Dystrophin is a membrane-associated cytoskeletal prowith 150 mg / kg of ketamine hydrochloride injected intra- 21 tein which is also involved in the regulation of [Ca ] and peritoneally. A deflated balloon embolectomic catheter i contraction [10] . Its deficiency leads to Duchenne muscu-(Fogarty size 2F; American Edwards Laboratories, Santa lar dystrophy [11] . Its lack in myotubes from mdx mice Ana, CA, USA) was introduced into the aorta via the left (X-linked muscular dystrophy) has been associated with common carotid artery down to the level of the renal 21 21 elevated [Ca ] and dysregulation of Ca entry through arteries. The balloon was then inflated with 50 ml of i 21
Ca permeable stretch-regulated ion channels [12, 13] . In distilled water and the catheter was withdrawn slowly. arterial SMCs, dystrophin (or its isoforms) is abundant and More water (40-60 ml) was injected into the balloon after may provide mechanical reinforcement of the sarcolemma the passage of the diaphragm had been felt, when the contributing to maintain membrane integrity during cycles calibre of the aorta becomes slightly larger, and the of contraction and relaxation [14] [15] [16] [17] . Interestingly, catheter was pulled up to the origin of the left common dystrophin is not expressed in dedifferentiated cells. Its carotid artery. The balloon was passed in the aorta under expression rather parallels contractility in primary cultured the same conditions three times. After removal of the rat aortic myocytes which suggests that dystrophin is a catheter, the left carotid artery was doubly ligated, and the phenotypic marker of cell differentiation [18, 19] .
incision was closed with surgical staples. This type of hard SMCs in normal adult arteries are differentiated, coninjury strongly stimulates DNA-synthesis by the intima tractile and quiescent. However, migration and prolifermedia; the mitotic reaction is at its peak 2-3 days after ation of arterial SMCs are critical responses during recatheterisation and declines progressively thereafter, while stenosis after balloon angioplasty of coronary arteries and SMCs migrate and divide in the intima. A neointima during the development of primary atherosclerotic lesions, begins to develop on the 7th day, and becomes macroresulting in neointimal growth and narrowing of the vessel scopically distinguishable from the underlying media lumen [20] . The SMCs migrate from the arterial media into around the 14th day, when DNA synthesis has almost the intima where they replicate and synthesise important declined to that of the control level in uninjured aorta amounts of extracellular material [21] [22] [23] . Therefore, [26, 27] . We studied uninjured aortas (control) and aortas migration and proliferation of SMCs contribute to thickencollected 2, 7, 15, 30, 45 and 63 days after injury. ing and remodelling of the vessel wall. They also occur Immediately after killing the animal using an overdose of during experimental situations such as during neointima ketamine, thoracic aorta was aseptically opened longitudiformation after balloon injury [24] .
nally, and dissected in sterile phosphate buffer saline In order to understand the mechanisms of restenosis and medium and (when appropriate, i.e. from 15 days after to set preventive therapy, it is important to study meminjury, and later on) neointima layers were identified based brane associated key proteins involved in the control of on their topological localisation and visual aspect. Using
21
[Ca ] and contraction. Phenotypic modulation of arterial two pairs of fine forceps, under a magnifying glass, the i SMCs, which occurs after balloon injury, is indeed likely intima thickening was separated from the media, and the to modify the properties or the level of expression of these media from the adventitia. The two separated tissues were proteins. A major implication is that the pharmacological processed in parallel for different protocols as described profile of a modulated cell may be quite different from that below. The neonatal aortic medias were dissected from of a normal cell. In the present work, we have investigated 1-day-old rats. 21 the presence, nature and functional properties of the Ca channels and the presence of dystrophin at various times 2.2. Electrophysiology after injury using an experimental model of rat aortic injury with a balloon catheter [25] . We used the whole-cell Neointima strips and media chips were separately 21 patch-clamp method to investigate Ca -channel currents incubated overnight in papain at 48C and dispersed the in freshly isolated SMCs from both the media and resulting next morning. A high percentage (80%) of viable elon- 21 neointima. Immunochemical studies of Ca channels and gated cells was observed. Cells were used immediately for dystrophin were also performed in parallel to investigate electrophysiological studies. Whole-cell recordings were the expression of these proteins.
performed at 20-228C for 4 h after the dispersion in 21 conditions optimised to isolate Ca channel currents [9] . trypsin inhibitor, 0.1 mg / ml leupeptine, 1 mmol / l iodo- 21 21 We used Ba instead of Ca as the charge carrier acetamide, 15% glycerol, 0.001% bromophenol and 50 21 21 through HEPES 10, 4-aminopyridine 5, glucose 10. For both were blocked with 3% BSA (bovine serum albumin) solutions pH was adjusted to 7.3 with methane sulfonic dissolved in TBS-T buffer (10 mmol / l Tris HCl, 150 acid; and osmolarity was 300-310 mOsm. The voltagemmol / l NaCl, 0.05% Tween 20, pH 8) for 30 min at room clamp circuit and the multiple microcapillary perfusion temperature. Blots were incubated for 1 h with specific system for application of the DHP agonist [(6)Bay K monoclonal or polyclonal antibodies at room temperature 8644] and antagonist (nicardipine) were as described (20-228C) . Using a secondary specific goat anti-mouse or previously [9] . After seal formation (resistance ranging goat anti-rabbit antibody coupled to phosphatase alkaline between 1 and 20 GV and membrane disruption, series
(1 / 5000 dilution, Jackson), the protein band was visualised resistance (estimated from the decay of the capacitive with p-nitroblue tetrazolium, and 5-bromo-4-chloro-3-intransients) were typically 2-3 times the pipette resistance dolylphosphate substrate. The following proteins were (,4 MV) and were electronically compensated by .80%.
always used as molecular-weight markers, myosin (199 Capacitive transient and linear leakage currents were kDa), b-galactosidase (120 kDa), and ovalbumin (48 kDa) subtracted using a 4 subpulse (P/ 24) to resolve small from Bio-Rad. Dystrophin was identified as a single band 21 inward currents. Peak current amplitudes were measured at around 400 kDa and the a Ca channel subunit as a Fragments of injured aorta were fixed either directly by expressed as mean6SEM. We used unpaired t-test with freezing in isopentane precooled with nitrogen or with Welch's correction to determine the significance of the 3.5% formaldehyde-PBS at 48C, incubated in 30% sucrose observed differences between groups of values with twothen frozen in isopentane. Frozen sections (7 mm) were sided P value and unequal variances. Results were considfixed in acetone and incubated with the respective antiered as not significant (ns) with P,0.05, significant (*) bodies. Primary antibodies were incubated for 1 h at room with 0.01,P,0.05, very significant (**) with 0.001,P, temperature in a humid chamber. The slides were then 0.01 and extremely significant (***) with P,0.001.
washed in PBS, washed again in PBS, pH 9, and finally in PBS, as described before [33] . The sections were then 2.3. Antibodies incubated for 1 h with a fluorescent CY3-anti-mouse (Chemicon, dilution 1 / 500) or goat anti-rabbit FITC A monoclonal 12G9 antibody against dystrophin, previconjugated antibody (Sigma, dilution 1 / 80), washed as ously described, and a polyclonal antibody, pA1C, directed above, once in PBS containing 0.3% Eriochrome black to 21 against the Ca channel a subunit, which is charactermask the autofluorescence of elastin and mounted in 1C ised elsewhere, were used [28, 29] . The polyclonal a Moviol. smooth muscle actin antibody directed against this protein was a gift of Dr. V. Hanin [30] . Monoclonal a smooth muscle actin, vimentin and desmin antibodies were pur-2.6. Electron microscopy chased from Sigma.
Newborn and adult rat aortas were fixed with 3% 2.4. Immunoblot detections glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, postfixed 1 h at 48C in 1% osmium tetroxide in 0.1 M Three animals were used in each experiment. Crude cacodylate, pH 6.5 and, after 1 h impregnation in 2% protein extracts from aortic tissue were obtained as folaqueous uranyl acetate, embedded in Epon. Ultra-thin lows: media or neointima were homogenised in buffer sections were stained with uranyl acetate and lead citrate containing 5% SDS, 0.1% saponin, or 0.1% triton, 5%
and examined at 100 kV with a Jeol 2000EX electron b-mercaptoethanol, 1 mmol / l PMSF, 0.1 mg / ml soybean microscope. and 220 mV and peaked around 110 mV. This current, day 7 (data not shown) than in the population of cells which we have characterised in detail before [9] , is exhibiting basal I from uninjured medias. Despite the use Ba 21 generated by a DHP-sensitive L-type Ca channel. Inof Bay K 8644 to help the resolution of small currents, a deed, I was blocked by nicardipine employed at 5 mmol / similar transient decrease of I was observed (Fig. 2B) . In Ba Ba l (data not shown). I was markedly enhanced following addition, Bay K 8644 had no effect in cells with no basal Ba application of a saturating concentration of the potent DHP current. agonist Bay K 8644 (1 mmol / l) which is highly specific of
Typical I recorded in cells freshly isolated from the Ba 21 L-type Ca channels (Fig. 1A) . In addition to inducing a neointima formed 15 days and later after balloon injury are large increase of peak current amplitude, Bay K 8644 shown in Fig. 3A . Neointimal cells were not investigated promoted a marked leftward shift (210 mV) of both the before day 15 because no neointima was readily detected threshold and maximal peak current amplitude (Fig. 1B) .
or the amount of material was too small to be reliably In all experiments, the amplitude of I was assessed identified and accurately dissected. was recorded even when using Bay K 8644 ( Fig. 3A and   21 B) suggesting that the L-type Ca channels were absent. 21 
Ca channel currents after injury
However, we observed a gradual appearance of I over Ba time on days 30 and 45 ( Fig. 3A and B) . These currents 21 We investigated the Ca channel currents in single were markedly increased by Bay K 8644 (Fig. 3Abc,Bb) . SMCs freshly isolated from both the media and the Their waveform, current / voltage relationship and sensitivineointima (when appropriate; see Methods) at various ty to DHPs confirmed that they were generated by L-type 21 times after injury. In order to compare densities, rather Ca channels. Forty-five days after injury, the amplitude than amplitudes, of current, cell surface of neointimal and of I in neointimal cells was largely recovered but not to Fig. 4 . In agreement with our previous study [18] , dystrophin (D) was identified as a 400-kDa single protein band in all crude protein samples corresponding to specific extraction from aortic media. The 21 Ca channel a subunit (C) was also detected in parallel 1C as a 195-kDa protein band in the media on all days analysed. To evaluate the presence or absence for both proteins, we compared at each time the injured media and the normal untouched media. The immunostaining pattern appeared almost similar on day-15 (Fig. 4, lanes 2 and 3) . 21 Neither dystrophin nor the Ca channel a subunit were 1C detected in the neointima crude protein extraction on day 15 (Fig. 4 , first panel, lanes 1), but they were detected in the media (Fig. 4 , first panel, lanes 2). However, both proteins were detected in parallel on day 45 and day 63 after injury. There was a lower abundance for both proteins in the neointima protein extracts (lanes 1) as compared to the media protein extracts (lanes 2) on day 45 (Fig. 4 , second panel). This difference was not obvious anymore on day 63 (Fig. 4, last panel) . 21 
Detection of a Ca channel and dystrophin

C
Dystrophin was detected in the media of uninjured aorta (Fig. 5A ), but absent from the neointima on day 15 ( confirmed in both the neointima and media of all aortas while only about half of the SMCs contained desmin. either in medial cells (n570) or in intimal cells (n558).
These later results agree with previous cytoskeletal studies 21 21 The lack of agonist for T-type Ca channels did not allow [34] . Expression of the Ca channel a subunit was also 1C to amplify potential currents as described with for the Bay detected in the media of normal arteries (Fig. 5E ). In K 8644 on small L-type currents. Nevertheless, if it exists, contrast, it was absent in the neointima on day 15 ( Fig.  such a level of current (,5 pA; density ,0.3 pA / pF) 5F). It was present again in neointima on day 45 (Fig. 5G) agreement with previous results [35] , by Western blot analysis of crude protein extracts that neonatal aorta contained only low-molecular-weight caldesmon (l-Cad) while adult aorta showed presence of high-molecularweight caldesmon (h-Cad) (data not shown). SMCs from both newborn media (Fig. 7A ) and 15-day neointima (Fig. 7B) display a synthetic phenotype, with abundant rough endoplasmic reticulum (rER) while the cytoplasm of adult media cells filled with numerous microfilaments (Fig. 7C) . This is in agreement with the respective synthetic and contractile phenotype already described in atherosclerotic plaques [25] . Forty-five days after arterial injury, the neointima was still thick, endothelium continuity was not re-established. The cytoplasm of the SMCs still contained some rER but was filled again principally with numerous microfilaments (Fig. 7D) attesting phenotypic modulation over time after injury and partial recovery towards a more differentiated state.
Discussion
This study provides information at the functional and 21 molecular levels about changes in the expression of Ca channels during the aortic response to injury with a balloon 21 catheter. The findings are: (i) L-type Ca channel currents are transiently decreased during the first days after injury in medial cells; (ii) this decrease is more severe in neointimal cells and recovery is delayed; (iii) the complete 21 loss of Ca channel activity in the neointima reflects a down-regulation of the a subunit; (iv) there is a con-1C comitant down-regulation of dystrophin, a marker of cell contractile phenotype; (v) the reappearance of these two proteins parallels cell redifferentiation several weeks after the injury; and (vi) there is no evidence for the presence of 21 T-type Ca channel currents at any stage.
Neointima formation, which characterises arterial remodelling after balloon injury, involves several steps [21] . Basically, medial cells dedifferentiate and start to proliferate very early and actively, i.e, 24 h after the injury [36, 37] . Maximal proliferative activity is reached after 2-3 (E-G) in normal (A,E) and injured adult aortas on day 15 (B,F) and day 45 (C,G) days after injury. On day 15, intimal thickening was not stained day 7 and day 14-21. Low-grade replication is the third 21 for dystrophin (B) and for Ca channel a subunit (F). In contrast, both 1C wave which can last for weeks or months [36, 37] . After the neointima and the media from non injured and injured aortas (on day maximal thickening has been reached cells tend to re- 21 45 after injury) were positive for dystrophin and Ca channel a 1C differentiate [36] [37] [38] . These properties were retrieved in subunit (C,G). On day 45 both intima and media cells were positive for a our study. Ultrastructural studies showed the presence of a smooth muscle actin (D). Only elastin showed slight autofluorescence when the first antibody was omitted (H). Bar550 mm.
thick neointima at day 15 and SMCs had a synthetic phenotype. Consistently, dystrophin, a marker of the observed on day 15 (Fig. 6B) and day 45 (Fig. 6C) after contractile phenotype, was absent. At day 45, the neointhe balloon injury. The phenotypic state of the cells was tima was still present but the cells exhibited a cytoplasm more evident at higher magnification (Fig. 7) . For comfilled with myofilaments and, then, immunological deparison, the aortas from newborn rats (1 day postpartum) tection revealed the presence of dystrophin both in neoinwere also used as an vivo model because their SMCs are tima and in media. known to be in a synthetic phenotype. We also verified, in
Our results show that balloon injury induces rapidly a recover normal amplitude after 4 weeks, i.e. probably after redifferentiation which occurs during the evolution of proliferation has ceased. A modulation of I also takes intimal thickening after arterial injury. It has been previBa place in intimal SMCs. Although we were not able to ously demonstrated before that expression of dystrophin in investigate cells at stages earlier than 15 days after injury vitro is associated with recovery or maintenance of con-(owing to the absence or thinness of the neointima), we tractility [18, 19] . Interestingly, similar correlation between 21 observed a complete disappearance of the currents at this cell phenotype and lack of Ca currents has been done in stage. This was in sharp contrast with the partial recovery the aortic SMCs of newborn rats. These myocytes are by that had already occurred in medial cells. Another differseveral criteria still relatively undifferentiated and lack ence is that recovery in current amplitude was markedly some of the contractile proteins that characterise mature delayed in the neointimal cells. This delay is probably SMCs as confirmed by ultrastructural observations [39] . 21 related to phenotypic differences between medial and They express neither Ca currents [40] nor dystrophin 21 neointimal cells. The latter can replicate for weeks or (unpublished observation). Acquisition of the L-type Ca months after the injury, which could be related to their current parallels that of contractility during early developprolonged decrease of I . Immunofluorescence detection ment [41] . These results are in line with previous reports Ba and Western blotting demonstrated that the lack of I in that the repertoire of various proteins expressed at early Ba neointimal cells on day 15 after the balloon injury is developmental stages is re-expressed during injury (e.g. 21 related to the absence of the Ca channel a subunit in actin, myosin, osteopontin) [42] .
1C
the membrane. However, this protein reappeared in the Several studies have described the structural / functional neointima several weeks after the balloon injury. Immunomodifications that the activated medial and neointimal fluorescence detection and Western blotting using a monoSMCs undergo as a result of endothelial injury [34] [35] [36] [37] [38] [39] . 21 clonal antibody directed specifically against dystrophin However, our study shows modulation of the Ca channel from smooth muscle gave converging results showing a function. We demonstrate that this modulation reflects a therefore, a major regulator of Ca homeostasis. Interestonly modest antiatherogenic effects in patients with coringly, dystrophin is also closely associated with regulation onary artery disease [49] . They may also explain why 21 of contraction in arterial SMCs. In fact, two homologous Ca antagonists reduce somewhat but do not prevent new proteins: dystrophin and utrophin (or DRP1) have been coronary lesions and why they do not protect significantly detected in vessels [11, 43] . Their function is still unclear.
against restenosis after coronary angioplasty [50] . It is However, both proteins are codistributed in small arteries possible that some of the benefits on vascular VSMCs and this has been related to a mechanical function provided reactivity, that are often observed at relatively high con- 21 by dystrophin while presence of utrophin alone in small centrations, are unrelated to Ca channel antagonism veins was presumed to be associated with an architectural [51] . function in this tissue [44] . It is well established that a dystrophin-deficient muscle is more exposed to membrane rupture and subsequent muscle necrosis during muscle contraction and tension development [45] . This indicates 5. Conclusions that dystrophin has an important structural role in maintaining membrane integrity. However, a recent hypothesis
The present study brings new insights into the function regarding a pathophysiological link between the absence of and the regulation of membrane-associated proteins during dystrophin and some calcium leakage activity in dystrophic the phenotypic modulation characterising arterial response muscles [13, 46, 47] suggests that dystrophin has a role in to injury. Taken together, our results suggest that there is a aggregating ion channels [48] .
concomitant decreasing effect on expression of dystrophin 21 During the past years, we and others have suggested that and of L-type Ca channels that are crucial in the 21 expression of T-type Ca channels is associated with the development and maintenance of contraction. The dis- 21 proliferative activity of SMCs in vitro, i.e. in cultured appearance of voltage-gated Ca entry results probably in 21 aortic cells [5, 9] . In the present study, we find no evidence a marked alteration of intracellular Ca handling. One 21 21 for the presence of T-type Ca channels in SMCs that are implication is that drugs like Ca antagonists which fail naturally proliferative in vivo, a finding which is consistent to affect post-angioplasty restenosis have probably no 21 with the lack of Ca -channel currents also observed in specific receptor to target during the first weeks after aortic SMCs freshly isolated from neonatal rats (1-day arterial injury. postpartum) [40] . The discrepancy between proliferative 21 SMCs in vitro and in vivo holds also true for L-type Ca channels. Aortic SMCs freshly isolated from both neonatal and injured adult tissues lack L-type I . In contrast,and Dr. G. Dayanithi for critical reading of the manuscript. isolated from either newborn animals or neointimas of This work was supported by Fondation pour la Recherche injured arteries and grown in primary culture, express bothḾ edicale and Fondation de France (97003982 to SR). This T-and L-type I after only 3-4 days in primary culture work was also supported in part by grants from INSERM, Ba (unpublished data) whereas no I can be recorded in CNRS and the Association Française contre les Ba myocytes freshly isolated from tissues at the corresponding Myopathies (AFM). comparable age. This observation indicates that the cells 21 have the potential to express Ca channels in culture conditions. Therefore, proliferative cells in vivo and in 21 vitro are not identical with respects to Ca channel
